Abstract. A theory of low-temperature ohmic dc transport in dirty 2D quasi-one dimensional electronic crystals, such as charge-density wave (CDWs) thin films, is presented. At low temperatures we find that Efros-Shklovskii (ES) variable-range hopping (VRH) laws dominate the transport. At the lowest energies of the problem we find a usual impurity-independent linear Coulomb-gap (CG), g( ) ∝ , in the single particle density of states. An ES law for the resistivity follows with the usual exponent 1/2: ρ ∝ exp[(T ES /T ) 1/2 ], but with T ES increasing with disorder. At higher energies, the peculiar screening of the interactions leads to a crossover to an unusual CG which is quadratic, g( ) ∝ 2 , for a 2D system and impurity dependent. This leads to a temperature crossover to an unusual ES law ρ ∝ exp[(T 3/5 /T ) 3/5 ], with T 3/5 increasing with disorder. At even higher temperatures a crossover to activation takes place. The results should apply to mono-layers of 4k F CDWs.
Some results of a general theory of low-temperature ohmic dc transport in strongly anisotropic 2D pinned electronic crystals are presented. The theory applies to mono-layers of 4k F charge-density wave (CDW) systems. It is based on the theory of variable-range hopping (VRH) in doped semiconductors [1] as well as a theory of ohmic dc transport in 3D quasi-one dimensional systems [2] (see also Ref. [3] for the 1D case). A more extensive work will be published elsewhere [4] .
It is known from the theory of doped compensated semiconductors that in a disordered interacting system, where all states are localized, the transport is of the VRH type, e.g. the temperature-dependent hopping of a charge carrier from a filled state (neutral donnor) to an empty state (ionized donnor) which sit at the Fermi-level of the impurity band. Disorder alone leads to the Mott law, with a 2D resistivity:
, where g B is the bare (i.e. determined without the long-range Coulomb interaction) single-particle density of localized states at the Fermi-level and ξ the isotropic Bohr radius of the impurity, or localization length. In the presence of the 3D Coulomb interaction, U(r) = e 2 /κr, where κ is the isotropic dielectric constant of the system, a linear Coulomb-gap, g( ) = κ 2 /e 4 , appears in g B . The Mott law is then replaced by the Efros-Shklovskii law ρ ∝ exp[(T ES /T ) 1/2 ] and T ES = e 2 /κξ . Whereas the Mott law depends on the impurity density n via g B ∝ n, the ES law is impurity-independent. However, the Coulomb-gap width ∆ [g(∆) = g B ] and therefore the limit of validity of the ES law depends on n. For a dirty sample, below the metal-insulator transition, g B ∝ n is large and the ES law dominates the low-temperature transport.
Similar considerations can be applied to 2D quasi-one dimensional (Q1D) systems, yet with some care. Consider a dirty anisotropic thin film which is made of an ensemble of parallel chains, periodic in the transverse direction, with a periodicity equal to the average distance b between them. Two main problems have to be resolved: 1) Determine g B for this system, which is a necessary condition for VRH to hold. 2) If 1) is satisfied, determine the electrostatic potential and the corresponding ES law.
In the dirty Q1D system impurities sit randomly along the chains and therefore segment the chains with an average segment length l = 1/nb equal to the average impurity distance. Each segment consists of an integer number of electrons and the continuous background charge which is randomly cut by the impurities. The total charge of each segment (electrons + background) is therefore random, either positive (defining an empty state) or negative (defining a filled state). Similar considerations where given in 3D and show that charge tunnels from the filled to the empty states which sit at the Fermi-level of the system. Qualitatively, there are on the average n = 1/lb such states per unit volume with an energy scale e 2 ln(l/a)/κl where the logarithm comes from the electrostatic energy of the 1D segment and κ is the transverse dielectric constant (different segments are supposed to be non-interacting here). Therefore, g B ≈ κ/e 2 b ln(l/a) is non-zero and VRH exists for 2D Q1D systems. g B is large so that ES law dominates, as can be checked a posteriori when the Coulomb-gap (CG) is known.
To determine this CG and the corresponding ES law we need to know about the electrostatic potential U(r) that a charge carrier in the film is submitted to. This system of highly polarizable segments, has a large longitudinal dielectric constant κ ∝ κ(l/b) 2 where κ is the transverse dielectric constant. At the largest distances (hence at the lowest energies or temperatures), x bκ /2, the potential is found to be U(r) ≈ e 2 /κr, which is poorly screened because field lines have escaped from the film. This opens a linear Coulomb-gap and leads to a usual ES law with T ES = e 2 /κ(η ⊥ η ) 1/2 for the anisotropic system. The latter depends on disorder through the longitudinal localization length, η = l/ √ r s ln(l/a) where r s gives the strength of the interactions and is large. This leads to an impurity-dependent ES law with
where C 1 is a constant of order unity. We see that the conductivity increases with decreasing n = 1/lb. At smaller distances (hence higher energies for the CG and temperatures for the VRH law), l x bκ /2, because of the anisotropy of the system, this potential crosses over to U ∝ e 2 / κ yb. This peculiar potential leads to a crossover from the linear CG to a quadratic Coulomb-gap for a 2D system
where C 2 is a constant of order unity. The latter leads to a peculiar 3/5 law for VRH:
, with the parameter T 3/5 given by
and is also impurity-dependent with the dependence on n originating, in this case, from the longitudinal localization length as well as from the longitudinal dielectric constant. At even higher temperatures activation takes place with an activation energy E a = e 2 /κl. Similar unusual Coulomb-gap shapes and transport laws were found in 3D [2] with results in agreement with experiments on 4k F organic CDWs [5] . The 2D case should also find applications for thinfilms of such systems. More details and results will be given in Ref. [4] .
